Abstract In this article we propose a framework which can assist analysts in their reflection on the requirements for a participatory modelling exercise in natural resource management. Firstly, we distinguish different types of formal models which may be developed, ranging from models that focus on (bio)physical mechanisms to models which also include the actors involved in the utilisation of the resource and the social mechanisms that co-determine actor behaviour. Secondly, we consider what different modes of stakeholder participation entail for model construction and use. Finally, we propose six different purposes for a modelling exercise (clarify arguments and values, research and analyse, design and recommend, provide strategic advice, mediate, and democratise), and highlight conditions that affect the appropriateness of stakeholder participation for each purpose. The framework does not provide a straightforward recipe for the selection of participatory modelling methods, but we expect that the systematic reflection it affords will help analysts to make appropriate choices while designing a modelling exercise.
Introduction
Decision making processes in the context of natural resource management (NRM) frequently involve the use of models that provide computation and visualisation capabilities to support the design and evaluation of alternative NRM policies. Traditionally, these models are constructed by experts who are much more detached from the decision making process than the actors who have a stake in the NRM issue that is decided upon. By contrast, participatory modelling approaches, such as group model building using System Dynamics (Richardson and Andersen 1995; Van den Belt 2004) and 'Companion Modelling' using multi-agent simulation (Bousquet et al. 1999) , rely on stakeholder participation not only in the use of the model, but also in its construction.
As the application of participatory modelling methods begins to proliferate, the question when which method is appropriate becomes pertinent. This question is difficult to answer: the terms 'model' and 'method' are very generic, and appropriateness is relative to the purpose of the method and the context in which it is applied. Therefore, instead of providing an answer, we propose a conceptual framework that can support analysts in their reflection on the appropriateness of stakeholder participation in the construction and/or use of models in the context of NRM.
We will develop this conceptual framework as follows. We begin by explaining how we see a model and what we mean by a modelling exercise in the context of NRM. We then focus on the requirements analysis for a modelling exercise because in this step we expect the analyst to decide which NRM model type and which stakeholder participation mode are most appropriate in view of the purpose of the modelling exercise. To support this decision, we propose five NRM model subtypes, four modes of stakeholder participation, six different purposes for construction and/or using models, and a grid and guideline for reflection that provide the analyst a heuristic for finding appropriate combinations.
Modelling Concepts
Within our conceptual framework, a model is a representation of some referent object that can yield the answer to a question about this referent object more efficiently than the referent object itself (Rothenberg 1989) . This general definition includes all types of models used for inquiry, including scale models, mental models, and symbolic models. We will focus on 'executable' models. This does not mean that the model has to be quantitative; it may also consist of a causal diagram which is analysed, or of a protocol for a gaming simulation, which is executed.
We define a modelling exercise as a purposeful activity of constructing and/or using a model in which stakeholders may be involved. By 'purposeful' we mean that the analyst carries out a requirements analysis which leads to what we call a 'model definition': a specification of the intended purpose/function of the modelling exercise (including the questions the model should be able to answer), the anticipated utilisation of the results, the model type, the participation mode and the modelling method/software platform. Thus, the choices made during the requirements analysis will largely determine the way in which the modelling exercise is carried out.
The three steps (requirements analysis, model construction and model use) are presented in Fig. 1 as a cycle, because results may give rise to new questions that call for a new modelling exercise, possibly with a different type of model. Although the diagram suggests that one model is developed, a modelling exercise may also involve multiple models, e.g. to represent and subsequently discuss divergent perspectives of stakeholders (Mingers and Rosenhead 2004) .
Modelling exercises usually are part of a larger process of (participatory) NRM decision-making. When designing such a process, the analyst must consider which role the model(s) will play in this process. Modelling exercises may be central to the process (e.g. Bousquet et al. 1999 ; Van den Belt 2004) , but they may also play only a minor part in it (e.g. Tippett 2004; Stauffacher et al., this issue) . This means that the process may revolve around the model, or that the model may be subservient to the process. The requirements analysis may even reveal that it is better not to construct or use a model to support participatory NRM decision-making. The process design for rural communities by Rist et al. (2006) , for example, comprises communicative workshops involving a mix of local and external people that deliberately do not follow structured, cognition-oriented methods such as modelling, to avoid that the external people would impose their mode of thought on the local participants.
In the remainder of this article, we develop a conceptual framework to support the requirements analysis for modelling exercises in the context of NRM. The type of model, the participation of stakeholders in its construction and/or use, and the purpose of the modelling exercise (including the questions the model should be able to answer) will be focal to the discussion, this at the expense of the choice of a particular modelling method and software platform.
Typology of NRM Models

A Generic NRM Model Type
We assume that the referent object of a NRM model is the natural resource and its utilisation, and that the questions to be answered by the model are posed by one or more actors who hold a stake in this referent object. This implies that a NRM model should somehow represent the physical aspects of the resource, the social aspects of its utilisation, and the interaction between these aspects. Taking a river as an example, physical aspects could include the geography of the riverbed and its hydrological properties, while social aspects could be related to the utilisation of the river (e.g. for irrigation, navigation and sanitation) and include uses, rules governing those uses, and the social processes through which such rules are developed.
The physical dimension and social dimension are interdependent. The state of the natural resource is influenced by its utilisation and vice versa. Usually this results in tension between different uses, with conflict between different social groups (different user groups, or similar user groups upstream and downstream) as a consequence.
Requirements analysis Construction Use
Results
Model definition Figure 2 shows a schematic representation of both dimensions and their interactions. The actors may influence the state of the physical system either directly by acting on the physical system or indirectly by influencing the social system, triggering actions by other actors. Actors take action in response to what outcomes they perceive from the physical system and/or the social system. Although as social entities they are part of the social system, and as biological organisms they are part of the physical system, we have separated the actors from both systems in the diagram because this allows us to identify different types of models that may be developed.
Model
NRM Model Subtypes
A model which is developed to answer a question related to NRM will consist of one or more parts of the generic NRM model type depicted by Fig. 2 . As the three parts (physical system, actors and social system) may or may not be included in a model, 2 3 = 8 different subtypes of the generic NRM model type can be distinguished as shown in Table 1 . Table 1 shows that five different NRM model subtypes may be distinguished in practice. Taking 'social' to refer to 'the interaction of the individual and the group', we can disregard the two singular cases because it will practically be impossible to represent social mechanisms without also representing actor behaviour. Even when individual actors are not represented, their behaviour will be, or the referent object of the model would not be a social system. For example, the classical equilibrium model of a market (the referent object) that consists of a supply equation P = q ? rQ and a demand equation P = c ? dQ, and predicts that the market will stabilise at quantity Q = (q -c)/(d -r), effectively represents the behaviour of producers and consumers, albeit at an aggregate level.
The five model subtypes are shown graphically in Fig. 3 . We will first discuss the subtypes which represent only one particular part of the system (PhSM, SADM), then subtypes which combine two parts (IAIM, SoSM), and finally SoPhSM. For each model subtype we will provide one or more examples from the literature to show their relevance for NRM. These examples have been chosen for illustrative purposes only; they by no means provide a complete overview of existing models.
Physical System Model (PhSM)
A classical example of a NRM model is one that can be used to analyse the consequences of some anthropogenic change in a (bio)physical system, such as building a dam in a river. Such a change will have hydrologic and ecological consequences, but it will also have other types of consequences stakeholders will be interested in, such as safety or costs. We call models that can be used for such an analysis physical system models because they consider influences that impact a physical system and resulting consequences. Brown Gaddis et al. (2007) report on a participatory process in which two models of this subtype (PhSM) have been used to analyse and visualise the impacts of septic tanks, atmospheric deposition, and fertiliser on nitrogen loads in a watershed. One model was a simple dynamic model of a septic tank and leach field system. This model allowed users to input different septic technologies and leach field designs and showed nitrogen leaching over the course of a year and operational costs associated with the input decisions. The other model coupled ecologic and hydrologic process models with GIS software. A simulation run provided visual output showing changes over time in hydrology, water quality, and material flows between cells, as a result of different policy scenarios. In Fig. 3 , these policy scenarios would be external influences.
Single-Actor Decision Model (SADM)
A PhSM as described above does not represent how stakeholders would react to the outcomes of policies. In certain situations it may be relevant to take this into consideration, for example to anticipate the appreciation (and possibly the actions this provokes) of a local farmer to the construction of a dam. The type of model that represents policies (or merely their outcomes) as external influences, and predicts the reaction (or merely the appreciation) of actors (but not the consequences of these actions, as that would represent other parts of the system as well!) will be termed a single-actor decision model.
A willingness-to-pay model is an example of models of this subtype (SADM). Stevens et al. (2000) describe a case study of the willingness of non-industrial private forest landowners in Massachusetts to pay for ecosystem management activities. They compared two methods of estimating the willingness to pay: contingent valuation and conjoint analysis. The variables included in the econometric models which were estimated are: acres set aside for ecosystem management, increase in wood turtle population as a result of ecosystem management, costs to landowner, income, age and attitude to the environment. Results showed that the landowners would pay some amount even if the benefits do not occur on their own property. The SADM model subtype does not seem to be used very often for NRM, as actor behaviour is usually regarded in connection with the physical and/ or social system in the models of the following subtypes.
Individual Actor Impact Model (IAIM)
This third model subtype combines a representation of the physical system with a representation of actor behaviour. This allows investigation of the behaviour of the physical system and of the interaction between the individual stakeholders and the physical system, ignoring social mechanisms between actors.
The model of the socio-hydrosystem of the middle of the Hérault valley in France described by Lanini et al. (2004) is an example of an IAIM. Using Matlab, they represented the physical processes as differential equations, and the behaviour of three types of stakeholders (canal management, winegrower and canoe renter) as logical rules, based on a large number of interviews with local stakeholders. As the rules that define the actors' appreciation of the state of the physical system, and their consequent actions, only consider physical system state variables (evaporation, rainfall, surface water levels, soil type and water saturation), the model does not represent any form of social interaction.
Social System Model (SoSM)
Models of this subtype represent the structure and dynamics of the social space or 'policy arena' in which the actors who hold a stake in the resource interact. The goals and preferences of actors become inputs for the model, which represents the interaction between the actors in a way that social behaviour can be inferred (for example using game theory or expected utility theory). Thus, economic models that represent markets and sectors are SoSM. When the interaction possibilities are inputs, a SoSM could also be used to test what would happen if two parties were to negotiate using different sets of rules. In general, models that represent the perceptions and relative positions of different actors (Hermans 2005 ) also are SoSM.
Prell et al. (this issue) report on a social network analysis aimed at quantifying the social networks that exist between and within different groups who are stakeholder in the management of a natural park in the north of England. Using a structured questionnaire, they collected data on who interacted with whom (and how often), and who perceived whom to hold similar views as their own, and then represented this data as a quantified graph with the stakeholders as nodes. This representation afforded a range of analyses, such as identification of social cliques, and of stakeholders who may act as a liaison between disparate groups.
Socio-Physical System Model (SoPhSM)
It is also possible to represent a complete NRM system (the physical system, the interaction between the actors, and the way the physical system is influenced by the actors, cf. Fig. 2 ) in a single model. SoPhSM tend to consist of different sub-models, because they are a combination of IAIM and SoSM, which each have their own appropriate modelling methodologies.
A first example of an SoPhSM (albeit with limited representation of social interactions, the focus being on the physical and individual actor parts of the system) is the naturalhuman system model of land use in a region of north central Texas described by Monticino et al. (2007) . The natural system part of this model comprises a land-cover transition model, a hydrological model and a wildlife habitat model. The social system part of the model includes four classes of agents: landowner agents, developer agents, homeowner agents and government agents. Decisions made by one agent will influence a next agent: a landowner may, for example, decide to sell land, which will then influence the actions by a developer agent. The sequence of interactions has been predefined, and the agents make decisions based on multi-attribute utility functions. A formal conjoint analysis was carried out to develop the functions for the homeowners, and for the other agents this was developed from focus group sessions.
The analysis by Lehtonen et al. (2007) of the impacts of different agricultural policies on agricultural production and nutrient leaching from the agricultural land, combining an economic model and an environmental impact model, provides an example of an SoPhSM with a more elaborate representation of the social system. It also shows that actors need not be represented individually to represent actor behaviour. Their nutrient leaching model represents the physical system as a simulation matrix that considers combinations of 6 soil types, 11 crop types and 9 field slopes. The input to the model consists of the percentages Syst Pract Action Res (2008) 21:389-407 395 of each of these combinations present in the area of investigation, the output of the average annual sums of leached phosphorus and nitrate. The economic model consists of two major parts: an equilibrium model which simulates annual production decisions (including the trading of milk quota) and price changes, and a technology diffusion model which determines sector level investments implying evolution of farm size distribution. The technology diffusion part is dynamic, as the farm investments are assumed to depend on the capital already invested in the technique (i.e. on earlier investments).
Other examples of the use of SoPhSM in NRM are described by Espinasse and Franchesquin (2005) and by Janssen et al. (2000) who include biophysical and socio(-economic) subsystems in their models.
Although the given examples do suggest so, not all parts of the model need to be represented by means of a computer model. Actor behaviour and social mechanisms can also be represented by people in a gaming simulation/role playing game (Shubik 1975; Duke and Geurts 2004) . A gaming simulation will therefore also be seen as a model (i.e. representation) of (part of) a NRM system. This does not necessarily mean participation by actual stakeholders, however, as the nature of the participants taking part in the game will depend on the purpose of the model. This relates to participation in model use, as will be discussed in more detail in the next section.
Stakeholder Participation in Model Construction and Use
Traditionally, the process of modelling has been conducted by modellers, i.e. people with training and experience in the analysis and formal representation of systems. Modellers depend on sources of information in order to be able to develop a model for a specific context. In some cases it may suffice to use published information or to carry out empirical observations/measurements. Often, it will also be necessary to elicit knowledge from individuals by, for example, conducting interviews. More recently, model development and use of models involving groups of stakeholders-either homogenous (people sharing the same interests) or heterogeneous (people with different and possibly even opposing interests)-has become commonplace.
When modelling exercises are seen as part of a larger process of decision-making, choices regarding stakeholder involvement in a modelling exercise will largely depend on the level of stakeholder participation that is aspired for the decision-making process. The 'Ladder of citizen participation' proposed by Arnstein (1969) with its eight rungs from manipulation to citizen's control has inspired many authors to propose similar typologies of public involvement. Krütli et al. (2006) present an overview of these typologies, and propose to use five levels (information, consultation, active involvement, collaboration and empowerment), but what is more important for the present discussion is their argument that there will be a dynamic pattern of public involvement over the course of a participatory process, and that the level of public involvement depends on the phase and the objectives of the project. This supports our idea that the analyst who designs a modelling exercise should deliberate on whom to involve when, as well as on how to involve them, considering the goals set for the oncoming phase.
For the 'how' decision, the literature (Rowe and Frewer 2000; OECD 2004 ) offers a range of formal stakeholder participation techniques (e.g. consensus conferences and focus groups) and criteria for selecting those most appropriate. The decision on whom to involve at the level of individual stakeholders may be informed by techniques for actor network analysis (Hermans 2005) and social network analysis (Prell et al., this issue) . In the remainder of this section we will develop more general options for the 'whom' decision: should stakeholders be involved individually in development and/or use of a model, or as a group? Which of these options is most appropriate will depend on the purpose of the modelling exercise-a crucial aspect that we will discuss in detail in section ''Appropriateness of Participation in NRM Modelling Exercises''.
We propose four participation modes which we will refer to as NOP (no participation), IND (individual stakeholders are involved separately), HOM (the group of stakeholders that is involved is homogeneous in the sense that they have similar interests and problem perceptions) and HET (the group of stakeholders that is involved is heterogeneous in the sense that they have divergent, and possibly conflicting, interests and problem perceptions). The most important difference between individual participation (IND) and group participation (HOM and HET) is that with group participation in model construction and/or use social learning (Pahl-Wostl 2002a, b) can also take place directly as members of the group interact during the modelling exercise. The type of social learning will be different when the interaction takes place within a group of homogeneous stakeholders than when the interaction takes place within a group of heterogeneous stakeholders (Beers et al. 2006) .
Brown Gaddis et al. (2007, p. 621) mention that there are ''many stages in the process in which stakeholders can participate including model development, data collection, model assumptions, scenario development, interpretation of results and development of policy alternatives based on model results''. The appropriate participation mode may vary for different stages of a modelling exercise. As there are many different modelling methods, each with their own sequence of steps, we limit ourselves to the basic distinction between model construction and model use, with sub-activities inspired by what Gottschick (2005) terms ex ante, in continuum and ex post participation. Within model construction, it is possible that stakeholders provide information for the modeller to make the model, and also that they actually make modelling decisions. Within model use, stakeholders may be involved in defining model inputs (scenarios and/or policies), and in the actual use of the model, discussing the outputs that result from these inputs. We distinguish between these four activities (inform model construction, make modelling decisions, provide inputs for model use, and use computer model) because the stakeholders involved in one phase need not necessarily be the same as those involved in another phase. To these we add a fifth activity (act in gaming simulation) to also cover the special case where participants as players in a gaming simulation are 'part of the model' when it is used.
For each of the four activities (or five in case of a gaming simulation), the analyst can choose a participation mode. For example, information for model construction may be gathered by sending a questionnaire to individuals (IND) or in a workshop with heterogeneous stakeholders (HET). Constructing a model may, for example, be carried out by the modellers themselves (NOP) or by using group model building (HOM or HET). Providing input to a model may be, for example, be carried out by developing scenarios in a homogeneous group (HOM) or based on the literature without involving any stakeholders (NOP). Model use could, for example, be done by showing individual stakeholders the results (IND), or by discussing model results in workshop with a heterogeneous group (HET).
The four participation modes can be combined with the five activities to form a table. Starting with an empty table, the analyst can, for each activity, record the pros and cons of each participation mode, and then decide which mode is most appropriate. Table 2 shows the structure of such a table, but instead of the effects of different combinations for a particular modelling exercise, its cells contain references to articles that report examples of the corresponding activity/participation mode combination. Like the previous examples, they serve as illustrations; the set is neither complete nor exhaustive.
In the next section we will discuss the way in which the choice of participation mode relates to the particular purpose of a participatory modelling exercise.
Appropriateness of Participation in NRM Modelling Exercises
Ideally, the requirements analysis for a NRM modelling exercise leads to a model definition that specifies an appropriate combination of NRM model subtype, modelling method, and stakeholder participation mode. The appropriateness of such a combination strongly depends on the purpose of the modelling exercise and, in case of multiple purposes, the relative extent to which each of these purpose is to be achieved.
The framework for understanding and design of policy analyses proposed by Mayer et al. (2004) -derived by analysing exemplary cases in the field of policy analysis, and found to be useful in the context of NRM policy development (Bots and Van Daalen 2007 )-provides six generic purposes to which a modelling exercise may contribute in the context of a participatory decision-making process. By formulating, for each of these purposes, the questions that are addressed, the potential for constructing and using models to find answers to those questions becomes clear. This then allows reflection on the appropriateness of different NRM model subtypes, given the associated methods and possibilities of stakeholder participation in their construction and/or use as identified in the previous sections.
The six purposes are arranged in a hexagon as shown in Fig. 4 . As explained by Mayer et al. (2004) , the top half of the hexagon is primarily 'object-oriented', focussing on systems, policy measures, and models, whereas the bottom half is 'subject-oriented', focussing on people (decision makers, stakeholders, researchers) and their interactions in a policy process. The purposes on the left-hand side of the hexagon stem from more idealistic, Habermasean values, whereas the purposes on the right-hand side stem from more pragmatic, decision-oriented values. Table 3 provides an overview of how we relate the six purposes of a modelling exercise as shown in the hexagon to the aspects of a NRM system that the modelling exercise can be expected to focus on, the types of questions that the model should help to answer, and the NRM model subtypes that seem appropriate. The relation between purpose and participation mode will be very context-dependent, but the following general reflections may be of help to analysts while drawing up a table like the one we propose in Table 2 .
When the purpose is to clarify arguments and values, all stakeholder participation modes may be appropriate: the modeller may perform document analysis only (NOP), interview individual stakeholders (IND), work with homogenous focus groups (HOM), or use Strategic Assumption Surfacing and Testing (Mason and Mitroff 1981) or similar techniques to lead stakeholders to take and defend extreme positions (HET). If the model is developed with little or no stakeholder participation, it may be discussed with stakeholders to share the insights it provides.
When the purpose is to research and analyse, it is crucial for model construction to know what questions will be posed when the model is used. When a model is developed by a scientist without consulting stakeholders (NOP), it may not represent the aspects of the natural resource and/or its utilisation to which the questions pertain. Interaction with stakeholders (individually or in groups) can provide the information the modellers need, while it allows stakeholders to appreciate which questions exceed the state of the art of scientific knowledge. An important constraint is time. Decision-making processes and modelling processes proceed at different speeds: modellers may need months to construct a model capable of answering the questions that stakeholder would like to see answered in days. Stakeholder participation is likely to increase the number and variety of questions and thus to aggravate the problem, although when all stakeholders participate in model construction (HET), they might jointly decide on the priority of questions. Another constraint is that stakeholders must have confidence in the validity of the model. Here, participation is expected to facilitate trust building among different stakeholders, which may enhance confidence in the model and the answers it provides. But participation may be to gain insight in possible actions that can be taken to manage the natural resource On discovering new possibilities for action (policy measures) and on assessing the effects of alternative actions (how the system will change and whether such changes are desirable) Of these types: (1) 'how can we…?' (2) 'what happens if we…?' (3) 'is…to be preferred over…?'
Depending on the focus (physical system, social system, or both), PhSM, IAIM, SoSM, and SoPhSM (developed through research and analysis) can be used to answer question (2) and provide inspiration for creative innovation in response to the question (1). Stakeholder preferences represented by SADM can be useful to answer question (3)
Provide strategic advice:
to gain insight in the political aspects of a natural resource, insight that will allow the client to better protect his interests and achieve his goals in the NRM decisionmaking process On the other stakeholders, as strategic action is based on anticipation by one stakeholder of how other stakeholders will respond to certain actions impaired by a third constraint: the cognitive ability of stakeholders. Participatory model construction requires representations that are easy to understand for non-experts, and this may limit the choice of modelling methods. When the purpose is to design and recommend, the considerations regarding stakeholder participation in model construction and use are similar to when the purpose is to research and analyse. When (participatory) model use leads to novel ideas for action, new 'what if…?' questions arise that may call for a new iteration through the cycle in Fig. 1 .
When the purpose is to provide strategic advice, the client for the modelling exercise will typically be one particular stakeholder who wishes to gain a strategic advantage in the NRM decision-making process. This limits the participation modes for model construction and use to IND or HOM. Mode HET implies that the results of the modelling exercise are available to all participants, which would negate the strategic advantage for the client. HOM group participation in model construction and use is conceivable in the group is a subset of the client's 'inner circle' of trusted individuals. In a politically sensitive context, it may even be difficult for a modeller to successfully realise IND participation in model construction, as stakeholders other than the client will be reluctant to reveal their true opinions. By consequence, the validity of the perceptions modelled by SADM and the relations modelled by SoSM may be limited.
When the purpose is to mediate, the construction and use of models can support mediation in different ways. When the conflict is substantive, rather than emotional, a modelling exercise could help to broaden the scope of the social and/or physical system and find acceptable 'package deals' (a set of NRM measures that distributes costs and benefits more evenly). When stakeholders have hostile feelings towards each other, a modelling exercise could help to 'rationalise' the conflict, shifting the focus from the emotional back to the substantive. Some degree of stakeholder participation is indispensable: no matter how much the modeller learns about the conflict, mediation is successful only when the stakeholders who are in conflict change their perception of the situation and/or their feelings towards other stakeholders. When an emotional conflict is such that stakeholders do not want to be in the same room with each other and HET participation is impossible, separate modelling exercises with HOM participation may still be an option. IND participation will in general be acceptable even for severe conflicts. Joint model use may be less confronting than joint model construction, especially when the model represents a NRM situation that is similar but not identical to the situation in which the stakeholders find themselves. It may be appropriate to use a completely fictitious model (drop the ambition of obtaining valid substantive results) to create a 'safe environment' (Duke and Geurts 2004) that allows stakeholders to interact socially (to achieve useful social results).
When the purpose is to democratise, HET participation in model construction and use would seem appropriate. However, the differences in perception between parties may be such that the answers the models provide are difficult to grasp (intellectually) or accept (politically) for certain stakeholders. Model complexity and the need for specialised knowledge may prohibit the use of certain methods. Another caveat is that stakeholders who participate in the construction of a model may come to expect a high utilisation level of the results it produces, which may not be warranted by the way the modelling exercise is embedded in the institutional context of the NRM decision-making process.
The final observation of the preceding paragraph on modelling exercises for democratisation brings to the fore once again that a modelling exercise usually is part of a larger decision-making process, and that the designer of this exercise should take into account the characteristics of this process when deciding on the purpose(s) of the exercise, the NRM model subtype, and the stakeholder participation modes. The choice of purpose is strongly related to defining what (and whose) questions the model should help answering. The questions posed co-determine which stakeholders can or should participate in a modelling exercise. The modelling exercise is expected to have some impact on the decision-making process it is part of, raising new issues, involving new stakeholders, and possibly changing some people's opinion on what level of stakeholder participation should be aspired. Thus, a participatory decision-making process can include a series of iterations through the cycle in Fig. 1 , where for each iteration the context is likely to have changed such that the requirements analysis leads to a different model definition.
Framework Application
The conceptual framework developed in the preceding sections is intended to support the requirements analysis for modelling exercises in the context of NRM decision-making. As such, it is a design aid, rather than a tool for post hoc analysis. Moreover, post hoc analysis of a modelling exercise will be difficult if one does not have full information about this exercise. By consequence, the following examples, based on case studies reported elsewhere in this issue, merely illustrate how the modelling exercises were embedded in participatory decision-making processes.
Research and Analyse
In the Austrian case reported by Newig et al. (this issue) , the objective was to evaluate how the EU's Common Agricultural Policy reform affects the quality of life of women living in agrarian households. An agent-based model of type SoPhSM was developed and used in a participatory process. The actors in the model influence land use through their actions, driven by decisions (notably on production, to lease out land, or to take a lease on some other farmer's land) based on their own situation (notably available human resources) and exogenous factors (notably market prices, milk quota and the EU Common Agricultural Policy). The social interaction between actors in this model takes place via a 'market place' where farmers trade their leaseholds. The participatory process included a series of focus group meetings with women (HOM), and workshops with representatives of stakeholders and decision makers (HET). The agent-based model was constructed on the basis of information obtained from interviews (IND) and the outcomes of the first meeting/workshop. During the second meeting/workshop, the design and initial output of the model were discussed. The third meeting/workshop focused on developing storyline scenarios and during the last meetings/workshops the model was used to show the impact of different actions under different policy conditions.
Democratise/Research and Analyse
The PRELUDE case study described by Volkery et al. (this issue) is an example of a combination of democratise and research and analyse. Land use scenarios for the EU-25 plus Norway and Switzerland were developed during a participatory process involving 30 stakeholders who met three times for a three-day event. The stakeholder panel (HET) consisted of participants from across Europe with a diversity of backgrounds (e.g. policy makers, academic researchers, representatives of interest groups, land-use modellers). A land use/cover change model was used to support the scenarios with quantitative and spatially explicit data. This land use/cover change model is an SoPhSM which incorporates physical processes and socio-economic activities. The project was not aimed at model construction, but an existing model was used in the participatory process of scenario development. The scenario development was based on the 'story-and-simulation' approach, where the stakeholders develop qualitative storylines which are formalised and quantified by models.
Clarify Arguments and Values/Mediate/Design and Recommend
During the first phase of the German case study described by Newig et al. (this issue) , group model building was used as a method for clarifying values and arguments. The case concerned a German river catchment with serious ecological threats caused by nitrogen pollution. An actor platform consisting of 14 representatives was established with the objective of discussing measures for the reduction of diffuse pollution. A cognitive map of the perspective of each actor was developed on the basis of a personal interview (IND). The interviewees were asked for measures (e.g. legal rules, changed consumer behaviour) that could lead to nitrate reductions and for the causal relations leading from the measures to water quality. The participants were thus constructing an IAIM by modelling individual stakeholder behaviour and the impact on the physical system. During the participatory process these perspectives were merged into one synthesis causal diagram (i.e. mediate). As part of this process the implicit beliefs of the stakeholders were made explicit. The results of this process were then used in subsequent sessions of the actor platform (HET), which were then geared at participatively selecting measures to mitigate groundwater pollution in the region (i.e. design and recommend).
These three examples show that different purposes may be aimed for simultaneously in one phase of a participatory decision-making process, or separately in a sequence of singlepurpose (or at least less multi-purpose) activities. When combining different purposes, the designer should be aware that different purposes relate to different values, and that a modelling exercise may require value tradeoffs (e.g. validity versus understandability).
As stated above, the primary use of the framework is for reflection before starting a modelling exercise. With this intention it may be used in the following way:
-Scan the context of the decision process. To consider the broader context within which the modelling exercise will play a role, a number of questions pertaining to the decision situation should be addressed, such as, what is the objective of the participatory process, who is the client/process sponsor, what is the phase of the decision process, who are the stakeholders [e.g. carry out a pre-process actor analysis (Hermans 2005; Sauer, this issue) ], what is the desired level of stakeholder participation, what could a modelling exercise contribute to the process? -Use the hexagon to determine which purposes are appropriate for the modelling exercise and formulate the questions that are to be addressed in the modelling exercise. -Select the type(s) of model that is/are relevant for answering the modelling questions in this specific context using the typology of model subtypes. -For each of the purposes that have been selected, look at each of the five modelling activities (shown horizontally in Table 2 ) and determine to which extent the activity will have to contribute to ''object-oriented values'' and which of the stakeholders have relevant knowledge/information for that activity. This will provide a list of content related stakeholders. Do the same for the ''subject-oriented values'' and determine which of the stakeholders are important to include for that specific purpose for that specific activity in the modelling exercise for process reasons (process related stakeholders). Analyse the full set of stakeholders for heterogeneity/homogeneity. If the set is heterogeneous, distinguish the different parties (homogeneous clusters). -For each of the purposes identified from the hexagon, draw up a table showing the five modelling activities against the four participations modes to determine which of the participation modes would ideally be used for which of the activities, including which stakeholders are to be involved. -Compare the resulting tables and look for differences and similarities. Indicate opportunities (synergy between the different values), but also indicate constraints, such as social constraints (stakeholder conflicts) or managerial constraints (time and budget). -Separate (different exercises with different stakeholders) and combine (synergy).
Conclusion
In this article we have proposed a conceptual framework that can support analysts during the requirements analysis that we consider to be an essential first step in a NRM modelling exercise. The framework highlights important decisions which the analyst has to make with respect to three aspects: purpose of the modelling exercise, model type and method, and participation mode. To assist the analyst in making a choice, we have drawn up a typology for each of these aspects.
The first typology relates to the possible purposes of a modelling exercise. We have proposed six different purposes: research and analyse, design and recommend, provide strategic advice, mediate, democratise, and clarify arguments and values. The choice of purpose is strongly related to defining what (and whose) questions the model should help in answering. When combining different purposes, the analyst should be aware that a modelling exercise may require value tradeoffs (e.g. validity versus understandability).
The second part of the framework is a typology of NRM models, based on a generic model type that leads the analyst to identify the physical aspects of the resource, the social aspects of its utilisation, and the interaction between these aspects. From this generic model type we have derived five subtypes of models that differ in the extent and way in which they represent the physical and social dimension. The purpose of a modelling exercise together with the context of the decision situation provide input for the choice of the type of model which is to be developed.
The final part of the framework focuses on the relationship between participation modes and activities in model construction and model use. This allows to analyst to make a conscious choice regarding the relevant participation mode or modes for different activities within model construction and use.
The proposed framework disregards the substantive particulars of the NRM policy context; it does not provide criteria for involving individual stakeholders, nor for selecting specific participation methods. Although it does provide arguments against using certain model types or participation modes for certain purposes, it is not intended to be prescriptive. We claim that it contributes to the practice of participatory modelling by putting forward some important decisions that designers of modelling exercises all too often make implicitly, and by providing a structure that invites these designers to systematically consider alternative options, and to make explicit what tradeoffs led them to their choices.
Due to the lack of powerful theories about such complex social phenomena as participatory decision-making processes, these design choices still remain exploratory and may not produce the anticipated results. Nevertheless, we believe that the more structured and transparent the designs, the better they afford to draw lessons about the relation between design choices and outcomes, and that this allows science in this field to progress.
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